The structural, electronic, and spectroscopic properties of 4-Methyl-3-nitropyridine-1-carbonitrile (4MNC) have been investigated from theoretical and vibrational spectroscopic point of view employing quantum chemical method utilizing GAUSSIAN 09. A detailed study of geometrical parameters, Infrared and Raman spectra, and electronic properties were performed by density functional theory (DFT) at Becke-3-Lee-Yang-Parr (B3LYP) and HF Methods by employing 6-311++G(d,p) basis sets. The FTIR and FT-Raman Spectra has been recorded using Fourier transform FT-IR and FT-Raman spectroscopy in the region 4000-400 cm -1 .The energy gap between Highest Occupied Molecular Orbital (HOMO) -Lowest Unoccupied Molecular Orbital (LUMO) is measured. The HOMO and LUMO study suggests the existence of charge transfer within the molecule. The NLO properties such as polarizability (αtot) and molecular first order hyperpolarizability (β) and thermodynamic analysis of the title compound are computed with DFT/B3LYP and HF 6-311++G (d,p) level of theory. These results indicate that 4-Methyl-3-nitropyridine-1-carbonitrile could be candidate compounds for the potential use in application such as solar cells and biochemistry.
INTRODUCTION
The pyridine and their derivatives are widely used as starting materials in a vast amount of chemicals, pharmaceuticals, dyes, electro optical and many other industrial processes [1] .In drug discovery, it was well demonstrated that to avoid screening millions of compounds, one might attempt to bias combinatorial chemistry efforts to produce a set of molecules, which contain drug like patterns such as the pyridine heterocyclic ring [2] From the perspective of structural diversification, we were interested in pyridine scaffolds bearing reactive orthogonal functional groups, with minimal protecting group transformation and synthetic manipulations. The study of the vibrational spectra of substituted pyridine mainly amino pyridine attracts the attention of many spectroscopists due to their wide application in pharmacology and agro-chemistry. Pyridine heterocycles are a repeated moiety in many large molecules with interesting photo physical, electrochemical and catalytic applications [3] [4] [5] [6] [7] [8] [9] [10] . Most recently, Guoqiang Wang et al. [11] reported a metal-free approach to the synthesis of C-4 substituted pyridine derivatives was predicted computationally and verified experimentally. Theoretical calculations revealed that the in situ generated pyridineboryl radical using 4-cyanopyridine and B2 (pin) 2 exhibits a carbon-radical characteristic, and this boryl radical can be used as a bifunctional "reagent", which acts as not only a pyridine precursor but also a boryl radical .Kandasamy et al. [12] , the FTIR and FT-Raman spectra of 3-and 4-amino-2-bromopyridine have been reported together with the vibrational assignments of the vibrational modes. Sundaraganesan et al. [13] [14] [15] reported the FTIR and FTRaman spectra of 2-amino-5-chloropyridine, 2amino5-iodopyridine and 4-N, N-dimethylamino pyridine by using HF and DFT calculations. Sundaraganesan et al. [16] studied the molecular structure and vibrational spectra of 2-amino-5-methyl pyridine and 2-amino-6-methyl pyridine by density functional methods. To the best of our knowledge, no theoretical work about the vibrational frequency, NLO properties, thermodynamic analysis and frontier molecular orbital has been reported for the title compound until now. Considering the pharmacological and biochemical importance of the title compound 4-Methyl-3-nitropyridine-1-carbonitrile (4MNC) led to the complete FT-IR and FT-Raman vibrational studies on the fundamental modes and frontier molecular orbitals (FMO's) and thermodynamic analysis using DFT and HF methods by employing 6-311++G(d,p) basis sets. The optimized geometry, FMO's and their energy gaps and molecular electrostatic potential (MESP) map have been constructed at B3LYP/6-311++G (d, p) level to understand the electronic properties, electrophilic and nucleophilic active centers of title compound.
COMPUTATIONAL DETAILS
The density functional theory (DFT) were used to carry out the optimization of the geometry and to determine vibrational wavenumbers of 4MNC, with the 2009 version of the Gaussian suite [17] using DFT/B3LYP and HF the methods [18, 19] supplemented with standard 6-311++G(d,p) basis sets. The vibrational modes were assigned by means of visual inspection using GAUSSVIEW program [20] . The vibrational mode analysis of 4MNC is presented in some detail in order to better describe the basis for the assignments, from the basic theory of Raman scattering. In this investigation we observed that the calculated frequencies were slightly greater than the fundamental frequencies. To improve the agreement between the predicted and observed frequencies, the computed harmonic frequencies are usually scaled for comparison. In this work the force field was scaled according to the SQM procedure [21] and the Cartesian representation of the force constants were transferred to a non-redundant set of local symmetry coordinates, chosen in accordance to the recommendations of Pulay et al. [22] . Calculation of the potential energy distribution (PED) and the prediction of IR intensities and Raman activities were done on a PC with the MOLVIB Program (Version V7) written by Sundius [23] .
RESULT AND DISCUSSION

Molecular geometry
The molecule 4MNC has 17 atoms with 45 normal modes of vibration. It belongs to the C1 point group symmetry. Fig.1  (a) shows the optimized geometry of the compound and Table 1 presents the optimized values obtained for bond lengths and bond angles. The various bond lengths and bond angles are found to be almost same at HF and B3LYP methods. The bond lengths between C1-C2 in HF and B3LYP method are found to be 1.2827 and 1.2981 respectively ( Fig.1(b) ). The bond length between C1-N6 in HF and B3LYP are 1.3181 and 1.3381 respectively. The bond angle between N16-C12-C17 in HF and B3LYP are 108.95 and 124.02 respectively ( Fig. 1 (c) ). The bond angle between C2-C1-6N in HF and B3LYP are 124.26 and 111.1. The HF value is in good agreement with B3LYP value The dihedral angle between C1-C7-N8-N6-C1in HF and B3LYP method are 181.583 and 181.562 ( Fig. 1 (d) ) .   Fig 1(a) . Optimized geometrical structure of 4-Methyl-3-nitropyridine-1-carbonitrile The calculated geometric parameters can be used to determine the other parameters of 4MNC. Bond angles and dihedral angles were referred from [24] [25] [26] .
Vibrational analysis
The calculated frequencies using HF and B3LYP methods and their IR intensities and assignments, internal coordinates are listed in Table 2 
C-C vibrations
The bands which indicate aromatic properties of benzene derivatives mainly occur within the range of 1640-1200 cm -1 . The actual positions of these modes are determined not so much by the nature of the substituents but by the form of substitution around the ring [27, 28] . Table 3 . 
C-N stretching vibrations
The identification of C-N vibrations is very difficult task, since the mixing of several bands are possible in the region [29] . Krishnakumar 
C-H vibrations
The hetroaromatic organic compound and its derivatives are structurally very close to benzene and commonly exhibit multiple weak bands in the region 3100-3000 cm -1 due to C-H stretching vibration [31, 32] . 
Fig 3. Calculated FT-Raman Spectra of 4-Methyl-3-nitropyridine-1-carbonitrile
In the title molecule, the very strong intensity band calculated wavenumbers are at 3025, 3070and 3080, 3100 cm -1 at DFT/B3LYP and HF method with 6-311++G (d, p) basis set respectively. The theoretically calculated C-H vibrations by DFT/B3LYP and HF method of scaled values are given Table 2 .
Frontier molecular orbitals
Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) are very important parameters for quantum chemistry. The energies of HOMO, LUMO, LUMO+1 and HOMO-1 and their orbital energies are calculated using B3LYP/6-311++G (d, p) method and the pictorial illustration of the frontier molecular orbitals are shown in Fig. 4 . 
Absorption spectral analysis
The UV-Vis absorption spectrum of 4MNC recorded in water is shown in Fig. 5 . Molecules allow strong π→π* transition in the UV-visible region with high extinction coefficients [33] . NBO analysis indicates that molecular orbitals are mainly composed of π and σ atomic orbital. TD-DFT/6-311++G (d, p)
calculations have been used to determine the low lying excited states of 4MNC. The calculated excitation energies, absorbance and oscillator strength (f) for the title molecule are tabulated in Table 4 . The maximum absorption peak (λmax) in the UV-vis spectrum predicts electronic transition at 309 nm with an oscillator strength f = 0.0004. The wavelengths obtained with DFT/B3LYP/6-311++G (d, p) computations are 409, 372 and 346 nm (in Vaccum). Both HOMO and LUMO are the main orbitals that take part in chemical stability. In view of calculated absorption spectra, the wavelength 409, 372 and 346 nm corresponds to the electronic transition from the HOMO-1 to LUMO with 94% contribution, from HOMO to LUMO+1 with 93% contribution and HOMO to LUMO with 85% contribution respectively.
First order polarizability and hyper polarizability
NLO techniques are considered as among the most structure sensitive methods to study the molecular structures [34] and the computational approach allows the determination of molecular NLO properties as an inexpensive way to design molecules by analyzing the potential before synthesis and to determine high-order hyperpolarizability tensors of molecules. In the recent years, because of potential applications in modern communication technology, data storage, telecommunication, dependent on the efficiency of electronic communication between acceptor and the donor groups as that will be the key to intramolecular charge transfer [37, 38] .
Fig.6. Electrostatic potential map 4-Methyl-3-nitropyridine-1-carbonitrile
The acceptor and donor groups have an important role in the polarizability and first hyperpolarizability is tensor components of hyperpolarizability. The definitions for the isotropic polarizability is
The polarizability anisotropy invariant is Where, αXX, αYY, and αZZ are tensor components of polarizability; βiiZ, βiZi, and βZii (i from X to Z) The large value of first hyperpolarizability, which is the measure of the NLO activity of the molecular system, is associated with the Intra molecular Charge Transfer (ICT), resulting from the electron cloud movement through conjugated frame work from electron donor to electron acceptor groups. The polar properties of the title molecule were calculated at the DFT and HF/6-311++G (d, p) level. Theoretical investigation plays an important role in understanding the structure property relationship which is able to assist in designing novel NLO materials. Theoretically, calculated values of dipole Moment (μ), polarizability (α), anisotropic tensor and hyperpolarizability (β) are shown in Table 5 .
MEP analysis
Molecular electrostatic potential (MEP) mapping is very useful in the investigation of the molecular structure with its physiochemical property relationships [39, 40] . Total SCF electron density surface mapped with molecular electrostatic potential (MEP) of 4MNC determined by DFT/B3LYP/6-311++G (d, p) method is shown in Fig. 6(a) while the contour map of the molecular electrostatic potential is given in Fig. 6(b) . The MEP surface displays the molecular shape, size and electrostatic potential values. The colour scheme for the MEP surface is red-electron rich or partially negative charge; blue-electron deficient or partially positive charge; light blueslightly electron deficient region; yellow-slightly electron rich region, respectively. The oxygen atoms have more negative potentials and the hydrogen atoms have more positive potentials. The extreme limits of the electron density observed in 4MNC are ±3.201e. The MEP of 4MNC clearly indicates the electron rich centres of oxygen atoms. The Molecular electrostatic potential surface of 4MNC determined by DFT/B3LYP/6-311++G (d, p) method is shown in the supplementary Fig
Thermodynamic properties
The theoretical thermodynamic parameters, rotational constants, rotational temperature, vibrational temperature and dipole moment have been presented in Table 6 . Scale factors have been recommended [41] for an accurate prediction in determining the Zero-Point Vibration Energies (ZPVE) and the entropy, Svib (T) and the molar capacity at constant volume were calculated. The variations in the ZPVEs seem to be significant. The ZPVE is much lower by the DFT (B3LYP) method than by HF method. The biggest value of ZPVE 4MNC is 70.26827 Kcal/mol obtained at HF/6-311+G (d,p) whereas the smallest value is 75.30679 Kcal/mol obtained at B3LYP/6-311+G(d,p). 
CONCLUSION
In this work, we have used the DFT/B3LYP and HF methods to investigate theoretical analysis on the geometries and electronic properties of 4-Methyl-3-nitropyridine-1-carbonitrile. The geometry was optimized and bond lengths and bond angles were obtained by HF and DFT methods. It may be pointed out that the bond lengths obtained by both HF and DFT/B3LYP methods are comparable and the bond lengths obtained by B3LYP method are slightly longer than those calculated by HF method. Further investigations on the molecular structure and spectroscopy properties were done using HF and DFT calculations at B3LYP/6-311+G (d,p) level of theory. TD-DFT calculations were carried out in both the gas phase and in different solvent systems using polarizable continuum model (PCM) to calculate the electronic absorption spectra. The mean polarizability and total first static hyperpolarizability of the molecule under investigation are found to be 29.5446784 X 10 -24 e.s.u. and 6.1999 X10 -30 e.s.u., respectively. The theoretical investigations of thermodynamic properties and energies of HOMO and LUMO orbitals which can be used to predict the conversion of biological and solar cell applications of this compound.
